• Viruses are obligate intracellular symbionts. Plant viruses are often discovered and studied as pathogenic parasites that cause diseases in agricultural plants. However, here it is shown that viruses can extend survival of their hosts under conditions of abiotic stress that could benefit hosts if they subsequently recover and reproduce.
Introduction
Viruses use host resources to support their own reproduction and dissemination, so it is widely believed that virus infections are harmful to the host. However, this paradigm represents an incomplete picture of virus-host relationships. Some fungal, bacterial and animal viruses are beneficial in the survival and reproduction of their hosts. For example, a virus in a mutualistic fungal endophyte is required for the thermal tolerance of the host plants, indicating a three-way mutualistic symbiosis (Márquez et al., 2007) . Several bacteriophages are required for the virulence of their host bacteria (Barksdale & Pappenheimer, 1954; Waldor & Mekalanos, 1996; Tinsley et al., 2006) . Some ascoviruses of wasps can be mutualistic, depending on the specific virus and wasp strains (Stasiak et al., 2005) . The polydnaviruses of parasitoid braconid wasps are required for the wasps to suppress the defense response and survive in their caterpillar hosts (Webb, 1998) . Human endogenous retroviruses protect human tissue from infection by the exogenous retrovirus Spleen necrosis virus, and may also protect the developing fetus (Ryan, 2004) . In many of these examples, the virus-host relationship has evolved to a stage of extreme mutualism where the two entities are no longer truly separate. However, all of these relationships originated with a simpler symbiosis.
Little is known about the biology of plant viruses and their hosts in natural systems. Plants support a large number of positive single-stranded RNA viruses that are less common in many other host kingdoms. The majority of recognized plant viruses are discovered and studied as pathogenic parasites that cause diseases in cultivated agricultural plants (Zaitlin & Palukaitis, 2000) . In natural, nonagricultural settings such as in a tropical forest, RNA viruses are present in c. 70% of the investigated nonsymptomatic or symptomatic plants (unpublished results) , but their ecological roles remain unknown. Plants in nature are simultaneously exposed to combinations of biotic and abiotic stresses, so biotic and abiotic signaling pathways may share multiple nodes, and their output may have significant overlap for plants to survive under complex environmental conditions (Timmusk & Wagner, 1999; Xiong & Yang, 2003; Chini et al., 2004) . Here we report that infection of RNA viruses improves plant tolerance to abiotic stress, indicating that infectious RNA viruses may establish conditional mutualistic relationships with their plant hosts. For these studies, we used Cucumber mosaic virus (CMV), a virus with a very broad host range (Palukaitis et al., 1992; Roossinck, 2001) , Tobacco mosaic virus (TMV) and Tobacco rattle virus (TRV) viruses with intermediate host ranges, and Brome mosaic virus (BMV), a virus with a very narrow host range (Lane, 1981) . All the viruses, generalist or specialist, provided tolerance to drought stress.
Abiotic stress such as drought and frost induces dehydration, resulting in osmotic stress and associated oxidative stress. One ubiquitous protective mechanism against drought and frost in plants is the accumulation of certain organic metabolites, the osmoprotectants and antioxidants (Bohnert et al., 1995; Nuccio et al., 1999; Rontein et al., 2002) . Here, the primary metabolic changes in the plants caused by virus infection and drought stress were investigated using metabolic profiling (Broeckling et al., 2006) .
Materials and Methods

Viruses and plant materials
The Russian strain of BMV and the U1 and mutant MIC-1,3 strains of TMV were kindly provided by Drs Xinshun Ding and Rick Nelson (Shintaku et al., 1996) . A cDNA clone derived from TRV and containing a portion of the GFP gene (TRV-GFP) was provided by Dr Kiran Mysore (Ryu et al., 2004) . The Fny strain of CMV was purified by the method previously described (Roossinck & White, 1998) . Inoculum consisted of purified virus (CMV) or sap from infected plants (BMV, TMV and TRV-GFP) .
Seedlings at the two-to three-leaf stage were used for inoculation of beet (Beta vulgaris cv. Detroit Dark Red), pepper (Capsicum annum cv. Marango), watermelon (Cucumis lanatus cv. Crimson Sweet), cucumber (Cucumis sativus cv. National Pickling), tomato (Solanum lycopersicum cv. Rutgers), Solanum habrochaites, rice (Oryza sativa cv. IR-8) and zucchini (Cucurbita pepo cv. Elite). One-month-old seedlings were used for inoculation of Chenopodium amaranthicolor, Nicotiana benthamiana and of tobacco (N. tabacum cv. Xanthi nc for CMV inoculation, and cv. Xanthi nn for TMV inoculation). For TMV infections, N. benthamiana was inoculated with the MIC-1.3 mutant of U1-TMV because U1-TMV is lethal, and tobacco was inoculated with the U1-strain of TMV.
Beet, pepper, watermelon, cucumber, tomato, zucchini, tobacco, S. Habrochaites, C. amaranthicolor and N. benthamiana were grown in metro-mix 350 soil (Sun Gro Horticulture, Bellevue, WA, USA) with one plant per 4.5-inch (11.4 cm) pot. Rice seedlings were grown in Redi-earth soil (Sun Gro Horticulture) with two seedlings per 4.5-inch pot. For each plant species, eight to fifteen individual plants were inoculated by virus or inoculation buffer (mock). All the plants except rice were inoculated with CMV. Rice plants were inoculated with the sap from BMV infected plants. In addition, the sap from TRV-GFP and TMV infected plants was also used to inoculate N. benthamiana and tobacco plants.
Drought treatment
After inoculation, the plants were grown in four separate growth rooms. The temperature ranges of these growth rooms were 20°C (night) to 26°C (day) for TMV and CMV, 19°C (night) to 24°C (day) for BMV, and 18°C (night) to 23°C (day) for TRV-GFP with a 16-h daylength. The average daytime light levels in the growth rooms were 240 µmol m
for TMV, 300 µmol m −2 s −1 for CMV, 220 µmol m −2 s −1 for BMV and 290 µmol m −2 s −1 for TRV-GFP. For the survey of the responses of virus-infected plants to drought stress, plants grown in individual pots were bottom-watered for 2 d to saturate the soil at 8 d post inoculation (dpi) (watermelon, cucumber, tomato, pepper, C. amaranthicolor and S. habrochaites plants) or 14 dpi (N. benthamiana and tobacco), and then moved to dry flats where water was withheld. The rice plants were moved to dry flats at 28 dpi. The drought-treated plants were photographed with a Coolpix990 digital camera (Nikon, Melville, NY, USA) once every day from the onset of drought symptoms until the mock-inoculated plants showed wilted shoot tips or were entirely collapsed. Then the plants were rewatered for 1-2 wk. This comparative experiment was repeated once for pepper, zucchini, watermelon, tobacco and cucumber, and two or three times for the other plant species tested. The number of days after the water was withdrawn (daww) was recorded for each plant when the plants first showed drought symptoms and when the plants showed wilted shoot tips. For each plant-virus combination, means and 95% confidence limits of daww were calculated with bootstrapped data sets, which used variation present in the data. In this analysis, a normal distribution of daww data was not assumed. To do this, we generated 2000 data sets randomly resampled from the data with replacements: 1000 data sets from mock-inoculated plants and 1000 data sets from virus-inoculated plants. The number of samples from each experimental run was the same as in the original data set to preserve any potential differences among experimental runs. Thus, the bootstrapped data set for each treatment was 1000N data points, where N is the number of data points in the original data set for each treatment. The mean and 95% confidence limits for daww were then calculated for each of these two large data sets.
It is possible that differing soil water potential or the size of the pots in the original experiments effected the drought stress. Hence, to further test the improved drought tolerance of virus infected plants, four or five beet seedlings were grown in the same container (approx. 81 × 13 cm wallpaper water tray modified with holes at the bottom support; Lindar, Baxter, MN, USA) separated by 11-12 cm. When they reached the two-to three-leaf stage, half of the plants were mock-inoculated and the other half were inoculated with CMV. Plants were watered daily for 10 d, and then water was withheld until the shoot tips of mock-inoculated plants became wilted. The same planting and treatment regimes were done with rice and tobacco plants except that tobacco seedlings were inoculated with TMV and rice with BMV. The inoculated tobacco plants were watered for 7 d before withholding water and rice plants for 2 wk.
Cold treatment
Beet seedlings at the two-to three-leaf stage were mockinoculated or inoculated with CMV. At 28 dpi the plants were moved into a 15°C growth chamber for 16 h for daytime growth and a −2°C chamber for 8 h in the dark. This treatment was repeated once, and then the plants were moved back to the 15°C chamber for 16 h followed by incubation in a −4°C chamber for 8°h. This analysis was repeated twice.
Identification of systemic infection of CMV
To test if CMV could systemically infect C. amaranthicolor, the inoculated leaves (positive control), the stem above the CMV-inoculated leaves and the noninoculated upper leaves of buffer-or CMV-inoculated C. amaranthicolor were harvested. The total RNA was extracted as described by Xu et al. (2004) . Five micrograms of total RNA were used for reverse transcriptase polymerase chain reaction (RT-PCR) amplification of CMV RNA 3 (Xu et al., 2004) . The amplified fragment was gel extracted and analysed by sequence analysis.
Water content and water loss analysis
All the leaves from individual beet plants inoculated with inoculation buffer or CMV were harvested at 16 dpi, weighed and incubated in a preheated oven at 105°C for 4.5 h. Twelve mock-inoculated and 12 CMV-infected plants were analysed. The leaves from each plant were loaded in an individual beaker and the beakers placed randomly in the oven. The dry leaf tissues were weighed again and the weight loss for each plant, which is equal to water weight, was calculated. The water content was calculated by dividing water weight with the fresh tissue weight for each sample. The averages of the water content between mock-inoculated and virus-infected plants were compared. The data was charted using Microsoft Excel and analysed with a Mann-Whitney U test. The same analysis was repeated once.
For water loss analysis, all the leaves from individual plants were detached and laid with adaxial side up in two sets of 150 × 155 mm Petri dish. The leaves were kept in growth chambers with light intensity at 300 µmol m −2 s −1 and temperature at 28°C. The weight of the leaves was measured at 30, 60, 90, 132, 192, 272, 392 , 512 min after detachment. The ratio of water loss for each plant was calculated by dividing the weight loss at each time point with its total water weight. The water loss ratios at each time were averaged among six individual mock or CMV-inoculated plants that were analysed in the same growth chamber. The data were charted and analysed using Microsoft Excel. The analysis was repeated twice with slight differences in the time-points for weight measurement. Ten mock-and 10 CMV-inoculated plants were sampled at each time. The samples from 12 plants (six of each group) were analysed in the same growth chamber and the samples from the remaining eight plants were analysed in another growth chamber with the same settings.
Extraction of metabolites and metabolite profiling analysis
For metabolite analysis, the above-ground tissues were harvested from five to six of each, mock-and BMV-inoculated rice plants at 10 and at 20 dpi. The remaining plants were subjected to water deficit stress, and the tissues were harvested at 4 daww. The tissues were frozen in liquid nitrogen, ground to powder and lyophilized for 48-72 h until dry. The dried tissue (700 mg) was placed in a 4.0 ml glass vial. Two milliliters of chloroform-methanol (2 : 1, v : v) containing 100 µg ml -1 docosanol as an internal standard was added to dried tissue. The sample was thoroughly vortexed and extracted overnight at 25°C. Then, 0.75 ml of Milli-Q water (Millipore, Billerica, MA, USA) containing 25 µg ml -1 ribitol was added to the sample mixture. The sample was vortexed, and incubated for 4 h at room temperature. The biphasic solvent system was centrifuged at 2900 g for 30 min at 4°C to separate the layers, 100 µl of methanol-water layer (polar extracts) was collected and transferred to individual 2.0 ml autosampler vials and dried in a vacuum centrifuge at ambient temperature. The dried polar extracts were methoximated and trimethylsilylated and analysed using an Agilent 6890 GC coupled to a 5973 MSD according to the method of Broeckling et al. (Broeckling et al., 2005) . For nonpolar extracts aliquots of the same plant samples were injected at a 1 : 1 split ratio, and the inlet and transfer line was held at 280°C. Separation was achieved with a temperature program of 80°C for 2 min, ramping at 5°C min -1 to 315°C and holding for 12 min, using a 60 m DB-5MS column (0.25 mm internal diameter, 0.25 µm film thickness; J&W Scientific, Folsom, CA, USA) and a constant flow of 1.0 ml min -1 . The metabolite profiling data generated by gas chromatography-mass spectrometry (GC-MS) was extracted by metabolomics ion-based data extraction algorithm (MET-IDEA) and then subjected to statistical analysis by t-test using the program jmp5. For anthocyanins, a portion of the methanol-water extracts was diluted with 0.5% HCl methanol and measured with a UV/visible spectrometer at an absorbance of 530 nm (Xie et al., 2006) .
Results
Infection with CMV improved drought tolerance of various host plants and enhanced freezing tolerance of beet plants
Cucumber mosaic virus was used to inoculate 10 different plant species. All of the plants were reported systemic hosts of CMV except for C. amaranthicolor, which was reported to be a local lesion host only (Francki et al., 1979) . However, a small amount of CMV was detected in the stem above the inoculated leaves in C. amaranthicolor. At the time for withholding water, infected pepper, tomato, watermelon, cucumber, zucchini, tobacco and N. benthamiana plants showed severe systemic disease symptoms, while infected beet, S. habrochaites and C. amaranthicolor showed mild symptoms or no systemic symptoms. After withholding water, drought symptoms first appeared as drooped, curled, or wilted leaves or dehydrated stems, depending on the plant species (Fig. 1a,c-e) . The extended stress of water deficit eventually led to wilted shoot tips or plant collapse. In all plants except tobacco, all of the infected plants exhibited drought symptoms later than the control plants. In CMV-infected plants with or without systemic viral disease symptoms, the appearance of drought symptoms was delayed by 2-5 d when compared with the corresponding mock-inoculated plants, and responses varied among the tested plant species (Table 1) . These results indicate that CMV infection can improve drought tolerance in many of the plant hosts of this virus.
Beet plants were used for a more in-depth study. Mockinoculated beet plants collapsed after 4 daww while the young leaves of CMV-infected plants remained upright and turgid (Fig. 1a) . After being subjected to an additional 4 d of waterdeficit stress, the plants were rewatered for a week. All the CMV-infected plants recovered and resumed growth while only 30% of mock-inoculated plants grew new shoots. The water content in the leaves of mock-and CMV-inoculated plants growing under normal growth conditions was compared. The average water content was higher in the infected plants, and detached leaves from these plants lost water more slowly (Fig. 2) . In addition to drought stress, tolerance to cold stress was compared between mock-inoculated and CMV-infected beet plants. Beet plants at 28°dpi were placed in a lowtemperature (15°C) growth chamber for daytime growth and a freezing chamber at night for 3 d (−2°C for the first two nights and −4°C for one night) in order to simulate conditions that might occur in the field very early or late in the growing season. All the mock-inoculated plants died, but CMV-infected plants were tolerant of the frost stress (Fig. 1b) .
Tolerance to water deficit stress improved in other plants infected with various viruses
Nicotiana benthamiana, a common host for many viruses, was inoculated with BMV, CMV, TMV or TRV-GFP to compare the effects of different viruses on drought tolerance in the same plant host. The appearance of drought symptoms in virus-infected plants was delayed by 2-5 d compared with mock-inoculated plants (Table 2 ). For example, at the time when watering was withdrawn, the TMV-infected and corresponding mock-inoculated plants were at a similar height. After 8 d without being watered, many leaves of the mockinoculated plants were wilted while the leaves of infected plants just started to develop drought symptoms. Infected plants were also taller than mock-inoculated plants (Fig. 1d) .
Rice seedlings were inoculated with BMV. This virus induces mild disease symptoms in rice, and the infected plants showed the first sign of drought stress (rolled leaves) at average 9.7 (9, 11) daww (mean and 95% confidence limits), when mock-inoculated plants were completely wilted (Fig. 3) . The plants were rewatered for 2 wk. All the infected plants recovered while none of the mock-inoculated plants recovered. A similar phenomenon was seen in TMV-infected tobacco plants, which survived with turgid stems and green tips for 12 daww, when mock-inoculated plants had begun to collapse (Fig. 1c) . Overall, these data demonstrate that drought tolerance in plants can be enhanced by the infection of several RNA viruses to varying degrees depending on the specific virus-plant combination.
Virus infection dramatically increased the accumulation of anti-oxidants and osmoprotectants in infected plants
The primary metabolic changes in rice and beet plants caused by virus infection and drought stress were investigated using metabolic profiling (Broeckling et al., 2006) . The above-ground tissues were harvested from mock-and BMV-inoculated rice plants at 10 and 20 dpi, and the same portion of the tissues were harvested at 4 daww, 1 d before the mock-inoculated plants showed any drought symptoms. A GC-MS differentiated 174 metabolites in the polar phase of the extract, and the accumulation levels of 57 metabolites showed significant changes after BMV infection at 20 dpi (Table 3) . Drought stress resulted in the altered accumulation of 87 metabolites in mock-inoculated plants and only 43 in BMV-infected plants (Table 3) , which could indicate less sensitivity to drought in virus-infected plants. Principle component analysis showed that a larger difference in the metabolite composition occurred in mock-inoculated plants under water deficit stress, as compared to BMV-infected plants (Fig. 4) . A similar assay was done with CMV-infected beet plants with tissues harvested at 12 and 15 dpi, and at 3 daww, 1 d before the mock-inoculated plants showed drought symptoms. A GC-MS analysis differentiated 136 metabolites in the polar phase. Similar to what occurred in BMV-infected rice plants, the number of metabolites changed significantly by drought stress was less in virus-infected plants than in mock-inoculated plants (Table 3) . Several metabolites with the known potential of improving plant stress tolerance were compared in detail after virus infection and drought treatment, including salicylic acid (SA) (Senaratna et al., 2003; Chini et al., 2004) , proline (Kishor et al., 1995) , putrescine (Capell et al., 2004) , trehalose and other nonreducing sugars (Bohnert et al., 1995; Garg et al., 2002) , tocopherols (Munné-Bosch, 2005) , ascorbic acid (Foyer & Noctor, 2005) and anthocyanin (Gould, 2004) . Both CMV and BMV infection increased the accumulation of trehalose, putrescine and SA, and their levels remained high under drought conditions (Fig. 5a) . Infection with BMV also induced an increase in proline and α-and γ-tocopherol. The level of proline dropped under drought stress while α-and γ-tocopherols remained higher in drought-stressed infected plants than in mock-inoculated plants (Fig. 5b) . In addition, drought stress enhanced the accumulation of ascorbic acid in BMV-infected plants but reduced its level in mock-inoculated plants (Fig. 5b) . In CMV-infected beet plants, several sugars such as melezitose, maltose and galactose were increased (Fig. 5c ). These sugars accumulated to levels 100-300% higher than mock-inoculated plants under water-deficit conditions. Infection with CMV also enhanced the accumulation of anthocyanins, and drought stress further increased the level to 300% above that in mock-inoculated plants. Thus, the increased accumulation of osmoprotectants in virus-infected plants, including trehalose, other sugars, putrescine, proline and increased antioxidants such as anthocyanins, tocopherols and ascorbic acid were associated with improved drought tolerance. 
Discussion
Viruses are parasitic symbionts that use host resources and systems for their own reproduction, so are normally considered to be harmful to the hosts. However, here we found that infection of pathogenic viruses improved the survival of plant hosts under some extreme conditions, indicating a potential mutualistic relationship between viruses and their hosts. Conditional mutualistic symbioses have been reported in other symbiotic systems (Bronstein, 1994; Redman et al., 2001; Clay & Shardl, 2002; Schardl et al., 2004) . Some pathogenic fungi such as Colletotrichum spp. are able to express a mutualistic lifestyle based on the host genotype (Redman et al., 2001) . Endophyte-infected tall fescue exhibits improved recovery after drought (Schardl et al., 2004) . The DpAV4 ascovirus is a mutualist in certain Diadromus wasps but is pathogenic when infecting other species of this genus (Stasiak et al., 2005) . Mycorrhizal associations are generally considered mutualistic fungus-plant relationship, but they can be antagonistic depending on environmental conditions and plant physiology (Johnson et al., 1997) . Thus, symbiotic interactions are dynamic particularly under complicated natural settings. Symbiosis often involves exchange of either benefits or costs among the partners. In mutualistic interactions, benefits outweigh costs for both partners. In parasitism, there are more costs to the host. However, the relative benefits and costs depend on host species and environmental and ecological contexts. At the evolutionary level, true mutualism is a reciprocal increase in fitness for both partners. A virus always benefits if it can prevent the death of its host. While we did not measure reproductive fitness of the plant host pe se, the death of mockinoculated plants versus survival of infected plants under extreme drought stress represents a conditional difference in fitness provided that the surviving virus-infected plants can subsequently produce offspring. Virus-infected beet and rice plants recovered after being rewatered following drought stress, demonstrating this possibility. Plants in nature and crop fields are simultaneously exposed to numerous environmental stresses. Although in-depth stress research has often focused on plant responses to a single environmental stress, cross-kingdom resistance to biotic attack and cross tolerance to multiple abiotic stresses have been described. However, the responses of plants to simultaneous abiotic and biotic stresses are complicated (Garrett et al., 2006) . In some cases, abiotic and biotic stress are synergistic. For example, drought causes more severe charcoal rot symptoms in common bean and sorghum plants infected with the fungal pathogen Macrophomina phaseolina, and increased drought stress effects also occur in the infected plants (Diourte et al., 1995; Mayek-Pérez et al., 2002) . Similar phenomena were reported in grape plants infected by the bacterial pathogen Xyllela fastidiosa (McElrone et al., 2001) . By contrast, inoculation of rhizobacteria, which is a mild biotic stress for plant hosts, enhances drought tolerance and confers partial resistance to the pathogenic bacteria Erwinia carotovora (Timmusk & Wagner, 1999) . Results from some field studies also suggest complicated consequences of viral infection and drought stress in crop loss, with varying additive effects, but other environmental variables in the field may contribute to this complication (Olson et al., 1990; McLaughlin & Windham, 1996; Clover et al., 1999) . Results from the present study show that plants infected with several RNA viruses exhibited better tolerance and survival to drought or cold stress. These interactions between plants and microbes may be part of the elaborate mechanisms plants use to survive various environmental changes.
Virus infection sometimes reduces the size of plant hosts (Hull, 2002) . This in itself could reduce water requirements and hence improve plant survival during extreme drought stress. Virus infection can also cause comprehensive physiological changes in some plant hosts, such as altered water content of tissues and the synthesis and translocation of metabolites (Hull, 2002) . Here, CMV infection increased the water content of the tissues above the ground. The detached leaves from infected plants lost water more slowly than those from mock-inoculated plants, indicating better water retention in infected plants. Water retention can be correlated with a reduction of stomatal opening and lowered transpiration rate in virus infected plants (Hall & Loomis, 1972; Lindsey & Gudauskas, 1975; Keller et al., 1989) . It is quite common for levels of glucose, fructose and sucrose to increase in virusinfected plants (Hull, 2002) . More complete investigation through metabolite profiling analysis in the present study showed both similar changes of primary metabolites caused by the infection of CMV and BMV, and changes specific to the individual viruses. Salicylic acid, a defense mediator, and some osmoprotectants and antioxidants accumulated to high concentrations in virus-infected plants before and after drought. Salicylic acid increases plant tolerance to abiotic stress (Singh & Usha, 2003) . Metabolic acclimation via the accumulation of protective metabolites is regarded as a basic strategy for protection and survival of plants in extreme environments (Bohnert et al., 1995) . These metabolites may mediate osmotic adjustment, stabilize membranes, and protect proteins and metabolic machinery against oxidative damage caused by drought or frost stress (Bohnert et al., 1995; Hare et al., 1998) . The increase in these protective metabolites in virusinfected plants reflects a stressed physiological status, and may make the plants more acclimated to further stress. Under water stress, some metabolites were maintained at high levels or showed increased accumulation, which further correlates with improved stress tolerance in the infected plants.
Adaptation to abiotic stress is often regulated by the combined activity of interconnected ABA-dependent and ABA-independent signaling pathways. TMV infection dramatically increases ABA concentration in tobacco plants (Whenham et al., 1986) , but it is unclear if this is a general response to viral infection. Transcriptome changes induced by different viruses demonstrate a common induction of stress or defense responses in various host plants including the expression of some genes involved in osmotic stress response and regulation (Irian et al., 2007) . The pathways involved in stress sensing, defense, and acclimatization are usually complex. There are some overlapping networks that control abiotic stress tolerance and biotic disease susceptibility or resistance (Timmusk & Wagner, 1999; Xiong & Yang, 2003; Chini et al., 2004) . Further understanding of the underlying mechanisms of virus infection and improved tolerance to abiotic stress provides insight into the important role of viruses in the evolution and ecology of their hosts. In the field, a delay of drought-stress symptoms of even a few days can be very significant. Thus, understanding of the associated mechanisms also provides potential for agricultural applications, which are of prime importance during climate change, as drought becomes one of the most limiting factors to crop production worldwide (Wollenweber et al., 2005) .
